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Abstract 
MoSe2 thin films were formed simply by the selenization of Mo on bare soda lime glass substrate and glass 
coated with ZnO:Ga. Preliminarily, the structural property of MoSe2 was studied on bare soda lime glass with X-ray 
diffraction and Raman spectra. Furthermore, the electrical property of MoSe2 was discussed as the interlayer 
between the Cu(In,Ga)Se2 /ZnO:Ga double layers. Finally, bifacial solar cells with MoSe2 interlayer were illustrated 
with current-voltage curve and quantum efficiency. 
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1. Introduction 
MoSe2 interlayer was found to form ohmic contact between CIGS absorber and Mo back electrode in high-
efficiency of over 15% solar cells[1-2]. The work of T. Wada et al. [3-4] indicated that at substrate temperature (Tsub) 
above 550ć, the Mo surface transformed naturally into MoSe2 after CIGS growth with 3-stage coevaporation. 
MoSe2 was added between transparent conductive oxide electrodes, such as ZnO:Al[5].  
Braunger et al [6] studied the selenization of Mo in the presence of Na and suggested that Na increases the 
activity of Se for the selenization of Mo at high Se partial pressure. Also, Kohara et al. [4]indicated that Na element 
in the CIGS and/or Mo layer aids in the formation of MoSe2 at the CIGS/Mo interface.   
Then, a thin MoSe2 layer were inserted between CIGS absorber and ITO [7] or ZnO:Al [5] to prevent the 
formation of Ga2O3 and finally improved the contact properties of CIGS/TCO back electrode. By reflection 
measurements, Rostan et al [5] suggested that Mo thin film deposited on ZnO:Al only transformed to MoSe2 in the 
presence of additional NaF precursor.  
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However, there has not been report yet on the effect of selenization of Mo on bare glass. In this article, we 
exploited the structural properties of MoSe2 formed by selenization of Mo film. Also, we studied the effect of 
MoSe2 layer inserted at the ZnO:Ga/CIGS interface on electrical properties of CIGS with back contacts. Bifacial 
CIGS solar cells were fabricated with ZnO:Ga back electrodes. 
2. Experimental 
MoSe2 films were grown by selenization of thin Mo layer on SLG. Firstly, 12-nm-thick Mo films were 
sputtered on SLG. And then, these Mo films were directly selenized in a vacuum furnace with Se containing 
atmosphere for 60 min. As the studies of Abou-Ras et al [8], the MoSe2 thickness is rather low for the Tsub lower than 
550ć during the selenization process, but it increases rapidly with Tsub higher than 550ć. In this study, 560ć, 
below the softening point of SLG, was chosen as Tsub for selenization. The SLG substrates were cleaned with 
deionized water in an ultrasonic cleaner and dried with nitrogen gas. Therefore, 15 nm NaF precursor was 
evaporated before selezization on the thin Mo layer/SLG to verify the influence of sodium on the formation of 
MoSe2. 
Structural properties of the MoSe2 films were checked by XRD using the Panalytical X'Pert Pro diffractometer 
with Cu KĮ radiation (Ȝ= 1.5416Å). The peaks and heights of XRD patterns were analyzed in PANalytical X’Pert 
HighScore. Thickness of thin Mo film was also measured on XRD. Raman scattering spectra were measured at 
room temperature using an Ar-ion 514.53 nm laser as excitation source, which can penetrate the film for a depth of 
200 nm. 
12-nm-thick Mo layers were deposited on SLG/ZnO:Ga by DC magnetron sputtering. And then, 15 nm-thick 
NaF layers were prepared by thermal evaporation on the SLG/ZnO:Ga/Mo structure and on SLG/ZnO:Ga as 
reference. These two samples, together with 1 ȝm Mo/SLG were selenized for 30 min in a chamber with the vacuum 
of 10-4Pa. Sequentially, 0.85-1.4ȝm CIGS layers were deposited on these substrates by 3-stage coevaporation 
process[9-10] at Tsub of 450ć. To analyze the conductivity of the back electrode/CIGS structure, we deposited 300-
nm-thick Ni as front electrodes with an area of 0.1257cm-2 on top of CIGS absorber. 
X-ray Àuorescence spectrometer (XRF) was used to characterize the compositions and thickness of CIGS layer. 
Electrical properties of the CIGS films were measured on Hall system HL5550PC at room temperature. The dark J- 
curves of CIGS/Ni with different back electrodes were measured at room temperature to uncover the contact 
properties. X-ray photoelectron spectroscopy (XPS) was captured on Physical Electronics PHI 5400 with Mg KĮ 
excitation source and Ar as the etching gas. Performance of bifacial solar cells was measured under AM 1.5 of 100 
mW/ cm2. Quantum efficiency was conducted on incident photon-to-current conversion efficiency system from 
Crowntech. 
3. Results and discussion 
3.1 Structural characteristics of MoSe2 films
Mo layer shows in Fig. 1 the diffraction peak at 2ș=40.12°, which is Mo (110) preferred orientation[11]. In 
comparison, the diffraction peak at 2ș=13.4° is developed for the sample of 12 nm Mo after selenization without 
NaF precursor, which is indexed as (002) Bragg peak of MoSe2 [11], and the diffraction peak at 2ș=40.12° decreases, 
which realize the partly transformation of cubic Mo structure to hexagonal MoSe2 type. Furthermore, the XRD 
pattern of 12 nm Mo after selenization with NaF precursor has the strongest diffraction peak at 2ș=13.5° and the 
weakest diffraction peak at 2ș=40.12° in these samples, which suggests that more Mo changes to MoSe2 in the 
presence of sodium. This could be attributable to that Na precursor catalyses the selenization of Mo, which was also 
reported by Rostan et al [5]. 
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Fig. 1. XRD patterns of 12-nm-thick Mo layer, 12-nm-thick Mo sample selenized for one hour with and without 
NaF precursor. 
By selenization of Mo/glass substrates at Tsub of 550ć, Nishiwaki et al [1] reported that MoSe2 layer, with its c-
axis perpendicular to the layer structure, is oriented parallel to the surface of the Mo, while Abou-Ras et al [8] 
suggested the c-axis orientation is parallel to the substrate when Tsub during selenization is higher than ca. 550ć. 
Our results of XRD patterns verify that the MoSe2 film is (002) oriented with c-axis perpendicular to the substrate. 
3.2 Raman scattering spectra of MoSe2
As illustrated in Fig. 2, Mo layer selenized with 30 minutes shows two peaks at Raman shift of 169 and 240 
cm-1, which correspond with the characteristic Raman peaks of MoSe2 powder [12] and also of MoSe2 interlayer 
between CIGS absorber and Mo back electrode [13]. Sekine et al [12] reported that the peaks at Raman shift of 169 and 
240 cm-1 were assigned to the E1g and A1g vibrational modes, respectively, of 2H-MoSe2 by Raman measurement. 
Thus, the formation of MoSe2 is verified in the selenization procedure of thin Mo film.  
  
Fig. 2. Raman shift of Mo films selenized with 30 min and 60 min, respectively. 
3.3 Chemical state of Mo in  ZnO:Ga/Mo films 
The chemical state of Mo in ZnO:Ga/ Mo films were characterized by XPS. As indicated in the Fig. 3 (upper), 
C 1s has the binding energy of 248.6 eV, which fit with the standard C 1s peak [14]. In as deposited ZnO:Ga/ Mo 
speciamen, Mo element showed the binding energy of 227.3 eV and 230.8 eV, which corresponding with the 3d5/2 
and 3d3/2 binding energy of Mo simple substance. In contract, X-ray photoelectrons from the selenized ZnO:Ga/ Mo 
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samples illustrate specitific peak at binding energy of 229 eV and 233 eV, which match with the chemical state of 
MoS2. This proved that Mo changed from pure Mo into MoSe2, in which Mo has +4 valence. 
 
  
Fig. 3  XPS spectra of as deposited ZnO:Ga/ Mo films  (upper) and that after selenization (below). 
3.4 Electrical properties of ZnO:Ga/CIGS contact   
XRF results for the thickness of CIGS layers are 0.854, 1.419 and 1.405 ȝm for ZnO:Ga/Mo/NaF/CIGS, 
Mo/NaF/CIGS and ZnO:Ga/NaF/CIGS, respectly. The Cu content in CIGS layers is around 21-23%, with 
[Ga]/[In+Ga] at the range of 0.283-0.291. The Hall mobility and sheet concentration of the CIGS layer in these three 
samples are the same of 0.728 cm2/V•s and +1.17•1014 cm-2, respectively. These CIGS absorbers are qualified for 
solar cells of convention efficiency near 10% [1, 15]. 
The CIGS/Ni structure acts as front contact of sufficient ohmic type [16-18]. Thus, different back contacts 
determine J-V properties of the total structures. For back electrodes, we select ZnO:Ga, ZnO:Ga/Mo, and 1ȝm-thick 
Mo for reference. 
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Fig. 4. Dark J-V characteristics at room temperature of: Mo/NaF/CIGS/Ni, ZnO:Ga/Mo/NaF /CIGS/Ni and 
ZnO:Ga/Mo/NaF/CIGS/Ni structure, respectively. 
As illustrated in Fig. 4, the Mo/CIGS/Ni structure forms ohmic contact with a resistivity of 1.25 ȍcm2. 
Similarly, the ZnO:Ga/Mo/NaF/CIGS/Ni structure behaves as quasi-ohmic contact with a higher resistivity of 66.62 
ȍcm2. In comparison, the ZnO:Ga/NaF/CIGS/Ni structure shows an exponential characteristic of rectifying p-n 
diode and a zero-voltage resistivity of 221.34ȍcm2. The higher resistivity of ZnO:Ga/Mo/NaF/CIGS/Ni than that 
without MoSe2 is attributable to the increased series resistance due to the MoSe2 interlayer.  
Our results prove that a MoSe2 layer transformed from 12 nm-thick Mo film is sufficient to form an quasi-
ohmic contact between ZnO:Ga and CIGS layer, which corresponds to the ZnO:Al/CIGS contact reported by Rostan 
et al [5]. However, thicker ZnO:Ga films of a better conductivity are necessary for a decreased contact resistance.
3.5 Performance of bifacial CIGS solar cell with MoSe2 interlayer 
CIGS solar cells with ZnO:Ga back electrodes have efficiency of 0.04% in our group. However, the performance 
of  CIGS solar cells increased significantly after introducing MoSe2 interlayer, as in Fig. 5. With top illumination, 
the cell efficiency was 4.93%, slightly lower than that fabricated with low temperature co-evaporation process in our 
group [19]. However, the efficiency of cells under rear illumination is rather lower as 0.332%. Modification with the 
thickness of opaque MoSe2 will lead to increase of cell performance. 
 
Fig. 5.  J-V curve of CIGS solar cells with MoSe2/ZnO:Ga back electrodes under top and rear illumination of AM1.5. 
External quantum efficiency of bifacial solar cells is higher than 55% with top illumination in visible light 
region in Fig. 6. Nevertheless, under the rear illumination, quantum efficiency lower than 20% illustrate that the 
MoSe2 layer absorbed most visible light without generating electron-hole pairs, which is calculated for the quantum 
yield. 
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Fig. 6.  external quantum efficiency of CIGS solar cells with MoSe2/ZnO:Ga back electrodes under top and rear 
illumination. 
4. Conclusion 
MoSe2 thin films were transferred from Mo by selenization process.  XRD patterns indicate that MoSe2 formed 
at Tsub of 560ć are (002) preferentially oriented. MoSe2 thin layer inserted between CIGS film and ZnO:Ga back 
electrode plays an role for the quansi-ohmic contact. MoSe2 interlayer is benefitial for improving performances of  
ZnO:Ga based bifacial solar cells. Further improvement for cell performance lies in the compromise of the thickness 
of ZnO:Ga electrode, MoSe2 interlayer and CIGS absorber layer. 
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